Abstract-Electromagnetic trackers have been used extensively in image-guided surgery and therapy. During the procedure, it is essential to evaluate the effective working range of the tracking system, because the accuracy could be influenced by the environment and manner in which the procedure is conducted. We assume that the guidance is provided by two electromagnetic sensors attached at the distal ends of two endoscopes in order to achieve end-to-end coaptation of the human inner tubular structure. During the procedure, the sensors become very close to help surgeons find the desired path inside the body; as a result, the sensors can potentially cause distortion that adversely affects the accuracy of the tracking system. Thus, it is necessary to determine the working range of the tracking system. The range was evaluated by two methods: static measurement and dynamic measurement. Static measurement determines the range by placing the sensors in several positions and collecting data when the sensors are stationary, whereas dynamic measurement allows movement of the sensors. The experimental results show that these two methods are useful in determining the effective working range.
I. INTRODUCTION
Electromagnetic tracking systems have been used extensively in image-guided surgery. They provide the position and orientation of the instruments to help the surgeon understand the geometrical relationships between the patient and the medical devices. The major advantage of these systems is that they work when the sensor is occluded; however, the working range may be limited due to ferrous metals or conductive materials within the working volume of the tracking system. In this study, we assume that the procedure was guided by two electromagnetic sensors attached at the distal ends of two endoscopes in order to achieve end-to-end coapt for the severance of the uterine tube. During the procedure, the sensors should become closer and closer; the distal tips could eventually contact each other to help the surgeons to find the desired path inside the body. That is, sensors within the surgical field could cause distortion that adversely affects the accuracy of the tracking system. Thus, it is necessary to know how sensor accuracy is affected when the distance between the sensors is very short.
To investigate how items cause distortion of an electromagnetic tracking system, several studies have been conducted. The distortion generally correlates with the distance between the item and the sensor, and items that are closer to the sensor can have larger impacts. These items include surgical instruments, ultrasound probes, and surgical tables. Schico et al. [3] simulated the conditions in the operating room and evaluated the possible distortions of electromagnetic tracking systems caused by three different kinds of surgical instruments. They placed the surgical instruments at different distances from the sensor to evaluate the distortion and found that the distortion was not significant. Hastenteufel et al. [1] investigated the distortions of electromagnetic sensors caused by 3D ultrasound probes. They found that the 3D probes caused greater distortions of electromagnetic sensors than 2D probes, and they suggested that the interference should be checked carefully. In an operating room, surgical tables can also be a source of distortion, especially for procedures where the sensor is located in close proximity to the table [8] .
In addition to evaluating the effect of specific items, it is also possible to evaluate overall clinical environments. Yaniv et al. [4] identified the factors that influence the utility of an electromagnetic tracking system by assessing three clinical environments, including an interventional radiology suite, a CT suite, and apulmonology suite. Their experiments show that these systems can be used successfully in these environments. Based on the research findings, the extent of the distortion that occurs depends on the kinds of instruments that are used and on the environment in which they are used. Moreover, in an electromagnetic tracking system, a field generator is necessary to track the electromagnetic sensor. Thus, the accuracy and precision of field generators in an interventional radiology setting have been investigated [6] . Accuracy and precision were assessed using a machined base plate to measure errors in position and orientation. A similar study was conducted for ultrasound-guided intervention [7] . The researchers concluded that the influence of the attachment of an ultrasound probe to the field generator is not critical in most cases.
In this study, we consider a procedure guided by two electromagnetic sensors attached at the distal ends of two endoscopes. The purpose of this study is to find the working range between the sensors and the transmitter, so that the sensed data within the range are considered reliable. In the next section, we introduce the experimental setup and evaluation methods. Section III gives the experimental results, followed by conclusions.
II. METHOD

A. Experimental Setup
The 3D Guidance trak STAR electromagnetic tracking system (Ascension Technology, USA), which is based on pulsed direct-current (DC) technology, was used in the experiments. The pulsed DC magnetic fields were generated by a mid-range transmitter (field generator) for tracking over medium range. Three sensors were used: two Model 180 6 DOF (degree-of-freedom) sensors and one Model 800 6DOF sensor. Their diameters were 2mm and 8mm, respectively. The 2mm sensors were assumed to be located at the distal tips of the endoscopes; the 8mm sensor, referred to as the reference sensor in this paper, served as the position reference for dynamic measurement (Section II-C).The data were transmitted to a host computer via USB cable at a default refresh rate of 240 Hz.
The sensor configuration is shown in Fig. 1 . The locations of the sensors, as indicated by the red circles, were fixed in a custom-made plate. The right one is the reference sensor, and the left two are the Model 180 sensors located in a plastic tube inside the plate. The Model 180 sensors were placed head-to-head in close proximity to simulate the maximum possible error. Although the two sensors should be placed in the endoscopes, a larger space is needed, and it is difficult to have two endoscopes head-to-head and fixed during the experiment. Hence, we used the configuration shown in Fig.  1 instead of real endoscopes in order to fix and keep the sensors as close as possible in the experiments. 
B. Static Measurement
We first performed static measurement, which means that we collected data only when the sensors were stationary. The errors were measured as the Euclidean distance between the two Model 180 sensors at time t
where 1 = ( 1 , 1 , 1 ) and 2 = ( 2 , 2 , 2 ) are the positions of the two sensors reported by the tracking system. The sensors were fixed in the plate so the distance is constant, but the measured distance actually depends on the range between the plate and the transmitter. The accuracy was determined based on variations of with respect to the distance between the plate and the transmitter. Given a circle centered at the transmitter and having radius R mm, we collected data every D mm along the radius from the transmitter, resulting in a total of = / positions to be sampled (the 0-mm was ignored). Each position was sampled for T seconds. The standard deviation, s i , of the distance sequence { , } at the ith position based on the reported data { 1 , } and { 2 , } were calculated for t = 1/H, 2/H, …, HT and i= 1, 2, 3, …, , where H is the refresh rate:
The standard deviation s i represents the variation of , , i.e., stability of the data.
C. Dynamic Measurement
The second method is called dynamic measurement. It allows movement of the sensor during data collection, so the error was evaluated continuously rather than collecting data at certain positions. If the sensors are moving, it is hard to identify the sampling positions; thus, we attached the reference sensor to capture the actual positions of the two sensors. We also moved the sensors along the radius of the circle centered at the transmitter. After obtaining the sequence { }, we estimated the variation of the measured distance between two Model 180 sensors by the magnitude of approximated derivatives defined by the central difference of the sequence:
where h is the time interval equal to the reciprocal of the refresh rate and = . Equation (3) gives the variation with respect to time. If the speed of the sensors is a constant k, the Euclidean distance ( )between the two sensors with respect to space (the distance between the two sensors and the transmitter) is
Hence, the amount of variation with respect to space can be evaluated.
In practice, a constant speed can only be achieved by specific devices, so the speed is unavailable in our design. In our sensor configuration, the distance can be evaluated by the reference sensor, and can be associated with distance .Thus, we denote as the distance p measured at time t, and the amount of variation with respect to space is approximated by
III. EXPERIMENTAL RESULTS
For the static measurement, the parameters are R=500mm, D=50mm, T=5seconds, and H=240Hz. The standard deviation of the distance between the two sensors versus the distance between the plate and the transmitter is shown in Fig.  2 . The standard deviation began to increase when the sensors were about250mm from the transmitter. To evaluate whether the increase of the standard deviation indicates the tendency of deviation from the actual values, an actual distance of 8.9 mm between the two sensors was obtained by turning off the sensors alternately. This actual distance is compared to the mean distance between sensors based on the reported data. It can be seen in Fig. 2 b) that the mean distance deviates from the actual distance when the plate-to-transmitter distance is larger than 250mm. This result is consistent to the observation based on s i , which validates the static measurement, is likely to be useful in determining the working range based on changes in standard deviation. In the dynamic measurement, the reference sensor was added to capture the motion of the Model 180 sensors and report the actual distance between the plate and the transmitter. We began by experimenting in the range of 0 to 1200 mm. This range, in fact, exceeded the translation range listed in the specification sheet of the tracking system; it is a useful evaluation, because the surgeon may not be aware of the effective range during a procedure. According to Fig. 3 a) , the reported distance between two sensors tended to become instable when the plate was away from the transmitter. Fig. 3  b) shows the results in closer range from 0 to 500mm.The distance between two sensors is considered as stable within about 240mm (actual distance of 8.9mm plus or minus 1 mm). In the dynamic experiment, we did not collect data in a stationary position; thus, the variation cannot be evaluated by the standard deviation as was done in the static experiment. Finite differencing in (5) was used as an alternative means of determining the variation, as shown in Fig. 3 c) and Fig. 3 d) , ranging from 0-1200 mm and 0-500 mm, respectively. It can be seen that the finite difference is useful for larger range; i.e., the variation becomes larger after 500mm. However, variation is less significant in Fig. 3 d) . Thus, the dynamic measurement based on finite difference is also useful in reflecting the effective working range, but it -sless sensitive than the static experiment for a shorter range. 
IV. CONCLUSION
In this paper, we present two methods for evaluating the working range of an electromagnetic tracking system Biochemistry and Bioinformatics, Vol. 3, No. 6, November 2013 resulting from the possible mutual interference from two sensors in close proximity. The static measurement required the sensor to stay at specific positions to collect data, and the dynamic measurement evaluated the range during the motion of the sensors. This approach was more flexible at the cost of an additional sensor but was less sensitive for a shorter range. In summary, the first method was more accurate, but it had limited flexibility. The second method was closer to the actual situation in a clinical environment, and it was easier to conduct. In the near future, we plan to conduct additional research aimed at improving the second method.
